Arctic regions face a unique vulnerability to shifts in seasonality, which influences the summer recharge potential of freshwater reservoirs caused by decreased precipitation and increased evaporative stress. This pressure puts small remote northern communities at risk due to limited existing freshwater supply. The lack of baseline knowledge of existing supply, demand, or reservoir recharge potential increases this risk. We therefore address this knowledge gap through a water resource assessment of municipal supply over a 20 year planning horizon in two communities in Arctic Canada using a novel heuristic model and existing data sources. We generated climate and demand scenarios to identify the mechanisms of drawdown, as well as examine the influences on replenishment. We found a pronounced vulnerability to reduced winter precipitation and/or increased ice-thickness of reservoirs. Our heuristic supply forecasts indicate an immediate need for freshwater management strategies for northern communities in Canada.
Introduction
Expanding populations, resource development, and limited infrastructure and capacity has made sustainable water resources a primary issue for northern peoples. While warming in northern regions is generally predicted to coincide with an increase in precipitation (Rawlins et al. 2010) , there is a large variability between northern regions in model predictions and observations (Prowse et al. 2006; Bring and Destouni 2014) . Since northern watersheds D r a f t 3 historically experience relatively small amounts of runoff or recharge during the dry summer months due to low precipitation (Schindler and Smol 2006; Woo et al. 2006 ) the natural reservoir capacity of these regions to support human populations is environmentally limited. Recent environmental change has further strained northern water supplies due to observed reductions in precipitation, reduced long term snow cover, and an increase in the high sun season leading to evaporative drawdown (Woo 2010; Carrol et al. 2011) . In particular, it has been reported that a decrease in winter precipitation has destabilized water balances from reduced snow and ice melt contributions to lakes (Bouchard et al. 2013; Hodson 2013; Lantz and Turner 2015) . As a consequence, the influence of environmental change on the sustainability of northern water supplies is a concern (Alessa et al. 2008; Evengard et al. 2011) . Recession of northern water supply lakes has already been noted (Pokiak et al. 2005) , and northern residents have identified decreased summer water levels interfering with obtaining available drinking water and traditional subsistence harvest (Goldhar et al. 2014) . Since water governance systems in northern regions are at an early-stage of evolution, especially in the Canadian Arctic, we seek to examine key vulnerabilities and facilitate the development of freshwater policy for accessible freshwater.
A significant challenge faced by northern policy makers is the lack of baseline data or quantitative studies on the influence of environmental change and growth on water supplies that would inform decision making. Lack of capacity and expertise has also left many communities without basic knowledge of their own freshwater supply. For example, the Government of Nunavut, Arctic Canada, has no specific agency or person(s) in charge of freshwater resource policy and management, no water management policy framework, and no policy development or planning for climate change adaptation with regards to freshwater resources. These gaps in knowledge have been identified in the draft Nunavut Land Use Plan (NLUP); "…there is not an D r a f t 4 official water management strategy or policy currently in place for Nunavut…" (Nunavut Planning Commission 2014:18) and by the Kivalliq Inuit Association (KIA); (there is…) "no requirement for additional research to ensure the protection of freshwater quality, quantity, or flow. The NLUP should include freshwater quality, quantity, and flow in its list of goals for protecting and sustaining the environment…" (Kivalliq Inuit Association 2015:10).
Without knowledge of the current and future water supply needs, northern communities' ability for informed municipal planning or emergency preparedness is severely limited. Thus, we seek to address the knowledge gap in how water supply capacity will be impacted by examining the influence of population growth and climate change through water supply forecasting. We chose to examine two remote northern communities that are under continued growth pressures to 1) assess the trends in climate for the respective regions, 2) calculate the demand on local water supplies under growth and climate forecasts, and 3) project long-term forecasting to the capacity of their municipal supply to meet the demands of the communities in the future. We utilize a novel quantitative process that minimizes the field measurements required to collect watershed data, and employ data processing and modelling techniques through a heuristic method of climate forecasting and hydrological simulation which can provide the supply forecasts needed to advance water management policy in the region.
Methods
The vulnerability of water supply sources was assessed by utilizing hydrological simulation to forecast the accessible water volumes under a range of plausible climate scenarios.
A Long Term Forecasting (LTF) model was formulated to evaluate the ability of each supply lake in fulfilling municipal consumption requirements over a 20-year planning horizon. 
Study Areas

<Figure 1>
Detailed water supply forecasts were completed on the two largest communities of the Arctic territory of Nunavut, Canada (Figure 1 ). The capital city of Iqaluit, Nunavut, has experienced a 40 % increase in population (~7543 in 2015) since the creation of the territory in 1999 (Nunavut Bureau of Statistics 2014). The local government has acknowledged the growing demand on the only water reservoir, Lake Geraldine, which underwent dam modifications in 2010 to increase its storage capacity. Municipal operators are currently exploring alternative water sources for resupply (exp Services Inc. 2014). Rankin Inlet is the second largest community with a 2015 population of ~2800, an increase of 27 % since the formation of the territory (Nunavut Bureau of Statistics 2014). Lake Nipissar serves as the sole municipal water reservoir in the city, which was deemed insufficient to support the current population (Stantec Consulting Ltd. 2014). Bathymetric surveys for Lake Geraldine and Lake Nipissar were completed in the summer of 2008 and the fall of 2009 respectively, however, the watershed of Lake Nipissar had not been accurately delineated, nor was there a water level gauge present in D r a f t 6 the lake (Budkewitsch et al. 2011a,b) . A seasonal replenishment pipeline was installed in Rankin
Inlet to assist with summer replenishment from the nearby Char River, which became operational in 2015. The design of the replenishment pipeline aimed to sustain the viability of Lake Nipissar over a 20yr design period.
Data Sources
Meteorological data was collected for each community (Environment and Climate Change Canada 2016a) . Both hourly and daily records were acquired in order to capture daily precipitation, temperature, and hourly wind speed. Precipitation data was corrected for measurement bias in order to generate an adjusted and homogenized climate record between 1981 and 2015 (Goodison et al. 1998; Smith 2006; Devine and Mekis 2008) . From this adjusted dataset, 30yr climate normals for average annual temperature, total snowfall, and total rainfall were calculated along with the average number of days of each snowfall and rainfall (Table 1) . If a particular month contained more than three consecutive missing daily records, or more than five in total, the month was omitted. Subsequently, if a month was determined to be missing, the entire year was omitted from the 30yr climate normal calculation (World Meteorological Organization 1989) . The mean annual air temperature, total snowfall, and total rainfall anomalies for 1981-2015 were computed for each year by subtracting the relevant average from the annual values. The total snowfall and total rainfall anomalies were then normalized by dividing by the baseline values and expressed as a percentage of the normal value.
<Table 1>
The Nunavut Water Board (NWB) provided monthly withdraw quantities for each town via their annual water license reports (Nunavut Water Board 2016 
Climate and demand forecasting
In order to calculate the evapotranspiration potential during hydrological simulation, a daily precipitation forecast was required which experienced both precipitation and nonprecipitation days. Thus, a Characteristic Climate Year (CCY) was generated and used as a baseline pattern for creating climate forecasts. Once established, this pattern was repeated with amplitudes that matched the forecasts for annual air temperature, total snowfall, and total rainfall. To determine whether any day in the CCY experience precipitation, the probability of precipitation over a trace amount of 0.2 mm was calculated for each matching day in the 1981-2010 climate normal period. For example, if there were 15 records of precipitation > 0.2 mm that occurred on a January 1st day from 1981-2010, the probability of precipitation on the CCY day of January 1st was 50 %. This was repeated for all 365 days of the CCY. A cutoff probability threshold was established individually for snowfall and rainfall events in order to select the total annual days of snowfall and rainfall in the CCY to match the 30yr climate normal, where only days which experienced a probability above the calculated threshold value were included as precipitation days. The thresholds used were 40 % for snowfall and 50 % for rainfall for Iqaluit, and 36 % for snowfall and 50 % for rainfall for Rankin Inlet (see supplemental forecasts between 2016 and 2035. This method of generating climate forecasts provided plausible climate ranges generated specifically from observed local climate patterns (Figure 2 ).
<Figure 2>
Water consumption in the LTF represented the total volume of water extracted from each supply lake scaled to population. This value represented the total volume of water extracted from each supply lake for municipal use. In practice, total water consumption is comprised of multiple uses: residential, industrial, institutional, etc. We applied a water consumption model that aggregated these uses into one withdraw value, which was scaled to each city's population. This allowed for scaling based on both the demographic growth of the city and per capita changes in consumption. Three forecasts (high, medium, and low) were generated for both per capita consumption and population growth based on historic population and consumption data. In Iqaluit, the average per capita value over the reported period was 352 LCD, which was used as the 'medium' consumption setting. 'Low' and 'high' settings were established by applying a -15 and 'low' settings respectively. Thus, we assumed that water consumption in Rankin Inlet is already at its 'high' consumption value, and evaluated the effects of significant reductions on consumption in the future with infrastructure improvements.
<Table 3>
Per capita consumption rates were applied to the 2015 population estimates published by the Nunavut Bureau of Statistics and extended to generate forecasts for 2016-2035 (Nunavut Bureau of Statistics 2014). By combining matching per capita consumption levels and population forecast settings, total water consumption forecasts were generated (Table 3) .
Hydrological Simulation
Evaluating the effect of each LTF parameter on water supply was processed by watersheds is negligible when compared to precipitation runoff (Woo et al. 2006 ). Simplification of the geospatial models within the HEC-HMS software allowed for higher sensitivity to be placed on the influence of precipitation, lake withdraw, and bathymetry within each watershed; datasets with higher implications for forecasting and community planning. The formulation of the hydrological model did not account for changing geological conditions, such as the deepening of the active layer and associated vegetation changes with warming temperatures (Wrona et al. 2016 ) over the 20yr forecasting period. Although this would have an impact on seasonal runoff values, incorporating this level of complexity into the model would counter the heuristic objectives of the method. Thus, we make the assumption that our model parameters calibrated on observed data are representative of future conditions, however, we acknowledge the inherent uncertainties in the modelling process that are likely to occur due to changes in catchment-mediated processes and unknown changes of parameters in a changing climate (Peel and Blöschl 2011) .
The computation of snowmelt was conducted using a Temperature Index (TI) model. The HEC-HMS software is currently limited to only the Temperature Index method in snowmelt calculations. The TI approach applied a fixed amount of snowmelt for each degree-day above the specified Base Temperature (BT). This method allows for a reduction in data required for computation compared to a surface energy balance. Reported daily precipitation values are discriminated as snowfall or rainfall depending on the reported air temperature. The precipitation threshold temperature (PX) value conducts this discrimination, where temperatures below PX (2 °C) report snowfall. Above the base threshold temperature (BT) of 1 °C, melt occurs which is distinguished between wet melt rate and dry melt rate. If there is a precipitation event which exceeds a rain rate limit of 0 mm/day while a snowpack is present, the wet melt-rate of is applied (3.96 mm/°C-day). When no rainfall occurs, an ATI melt-rate function is applied (1.96 mm/°C-day), which can be modified by a time based pattern or antecedent coefficient. Due to a lack of in-situ experimental data, and to facilitate a simplified assessment for future heuristic application, the ATI-Metlrate was held stable as a function of time and experienced temperature differential. This same methodology applied to the ATI-Coldrate Function, which described the cooling of the snowpack and remained at a constant value throughout the simulation period and with respect to experienced temperature differentials. Due to the presence of continuous permafrost throughout the watershed, the ground melt component of the TI was set to 0 mm/day.
Water removed from the watershed due to evapotranspiration was estimated using a modified Thornthwaite Temperature Index model (Dingman 2008) , allowing for daily values of estimated evapotranspiration to be forecasted using only air temperature and approximations of daily sunshine hours and without the need for complex forecasts of longwave and shortwave radiation. A constant value of 0.3 mm/day of sublimation was applied during days when snow D r a f t 13 was present and a crop coefficient of 0.65 was used. A constant sublimation rate helped to simplify the data requirements for sublimation evapotranspiration calculations when snow was present on the ground. The actual daily volume of water removed through evapotranspiration can be less than estimated evapotranspiration as actual volume is limited by the availability of water in Canopy storage. Canopy storage volume is replenished during precipitation events, and diminished when no precipitation occurs. The following formula was used to compute the PET forecasts (Dingman 2008 );
When SWE is present on surface:
When no SWE is present on surface:
Where PET is in mm/day, D is the length of sunshine hours per day, and e is the saturation vapour pressure at the mean daily temperature (Ta).
To account for the lake volume seasonally sequestered in ice, a physical model of ice growth was used; where heat conducted into the ice is assumed to equal heat released through phase change by the growth of ice. Allocation was provided for the transport of observed snowfall off of the lake ice. A coefficient (α = 15) was used during melt conditions to increase the melt rate from air temperature in order to represent melt rate contribution from radiation.
These two factors were adjusted iteratively to match observed ice measurements. 
Worst-case Scenarios
In addition to the 20yr water supply forecasts generated through the standard application of the LTF protocol, non-standard 'worst-case' simulations were also completed to investigate the impact of climate anomalies and infrastructure limitations. We examined the influence of a 33yr low of both total snowfall and total rainfall occurring, and the associated influence on water supply into the future. Meteorological records identified a 33yr low of snowfall occurred in 1998
for Iqaluit, and a 33yr low for rainfall in 2013. For Rankin Inlet, these years were 1989 and 1988, respectively. A composite yearly record of the 33yr low of total snowfall and total rainfall was generated and then applied at varying individual years on top of the standard LTF forecasts.
Settings of 'high' consumption, 'low' air temperature, 'low' snowfall, and 'low' rainfall were used as the baseline forecast settings, and individual years were replaced with the 33yr low value. For example, when the LTF supply forecast of 'high' consumption, 'low' air temperature, 'low' snowfall, and 'low' rainfall for Lake Geraldine was run, the 2017 year was replaced with the newly generated 33yr low dataset, and then the scenario re-simulated. By applying this 33yr low climate anomaly to each individual year preceding the date of water shortage for each town, the impact of a climate anomaly had on advancing the date of shortage was investigated.
We also investigated the impact of changes to the seasonal replenishment schedule of 
Results
Climate and Demand Forecasts
The process of precipitation bias correction revealed climate trends different to those of uncorrected data. This was pronounced for Iqaluit, where adjusted snowfall was distinctly higher D r a f t after applying the bias corrections based on the gauges utilized (Table 1) . Warming trends were observed since 1981 in both cities. While a 1.8 %/dec increase of snowfall was observed in Iqaluit, summer precipitation decreased by 6.9 %/dec. In contrast, an increase in both snowfall and rainfall at 5.7 and 3.4 %/dec respectively was observed for Rankin Inlet (Table 2; supplemental).
LTF Supply Forecasts
Iqaluit
<Figure 4>
The primary output of the LTF was forecasts of accessible volume, which illustrated the projections include the Char River seasonal replenishment pump operating at 85 % capacity, and still project near term shortages. Lake Nipissar has a watershed area ~30 % that of Lake Geraldine and experiences relatively less sensitivity to runoff. If a climate anomaly, such as a 33yr low in snowfall and rainfall occurred (e.g. similar to 1989), the date of end-of-winter shortage could advance by 1 year depending on the consumption during this period (Figure 5b ).
<Figure 5>
Alternative Supply Evaluation
Our LTF allowed for custom climate and demand scenarios to be simulated, such as the alternative supply and replenishment of Lake Nipissar from the Char River in Rankin Inlet. We . A long term water security strategy is essential to incorporate these findings and better plan for the future. Our ability to attain baseline water supply forecasts should reduce exposure to future water shortages, and this data could be used for water management planning before emergency conditions are likely to occur.
Alternative Supply Evaluation
<Figure 6>
The viability of the water supply for Rankin Inlet is directly tied to the availability of water for seasonal replenishment. Reductions in replenishment volume, or a missed season of replenishment, will result in an earlier than expected date of water shortages. The replenishment pipeline intake was located at the outflow of a lake on the Char River. There was a lack of hydrometric records of Char River creating uncertainty regarding the expected flow rates throughout the replenishment season. Likewise, community consultation on this municipal project was minimal. As such, there is much debate behind the feasibility of the Char River remaining a viable summer replenishment source due to extremely low flow conditions observed D r a f t 23 ( Figure 6 ). The designed replenishment was based on a limit of 10 % of the river flow rate to preserve the integrity of the downstream ecosystems (Stantec Consulting Ltd. 2014). With reported minimum summer river flows of 0.131 m³/s, this 10 % limit represented only 33 % of the designed pumping rate (Stantec Consulting Ltd. 2014 ). This highlights the vulnerability of the chosen intake location to low flow conditions. Likewise, climate is projected to become increasingly variable for northern regions, and years of significantly reduced summer precipitation may impede recharge potential (Prowse et al. 2011) . Our methodology can be expanded to provide flow forecasts for alternative sources like Char River. Through this application, more informed decisions can be made regarding infrastructure investments to avoid expenditures into temporarily solutions.
Conclusion
Our examination of the influence of climate and demand shows significant short term 
